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Executive Summary

A study was performed to examine the possibility of using batteries and Hydrogen
systems to add dispatchability to wind power. A second study examined the production
of hydrogen by wind power for sale into a fuels market. Calendar year 2002 load
information from the California ISO was combined with 2002 generated wind power
from the Lake Benton wind farm in Minnesota. Control systems were developed and
optimized, and grid operation for 2002 was simulated with batteries, electrolyzers, fuel
cells or other elements.

Results of the first study indicate that hydrogen systems are not well suited to store grid
energy. Since the closed-cycle efficiency of an electrolyzer-fuel cell combination is very
low, large amounts of energy are lost in the electricity storage process. Even if the
hydrogen systems are brought to zero cost, this energy loss makes the hydrogen system
more expensive than a battery. Batteries are very efficient and therefore lose far less
energy. This study indicates that energy storage systems can add a substantial amount of
dispatchability to wind energy for just $0.005 to $0.020/kWh.

The second study determined that generating hydrogen from wind energy for sale as a
fuel works best with an integrated system of wind, batteries, and electrolyzers connected
to the grid. Such a system allows for a high electrolyzer capacity factor, which is
important because the capital cost of the electrolyzers must be amortized over the amount
of hydrogen produced. If more hydrogen is produced per unit of electrolyzer capacity,
the net cost of hydrogen is lower. This study indicates that hydrogen can be produced by
wind for a cost of $1.50-$2.25/kg if the wind energy production tax credit (PTC) is
included and $2.50 — $3.25/kg without the PTC.

Introduction

Wind energy is currently the most cost-effective non-hydro renewable energy source.
However, wind is inherently not dispatchable because wind farm output is a function of
wind speed, which the utility cannot control. Although the ability to predict wind farm
output from meteorological information is steadily improving, predicting wind farm
output is not the same as controlling it.

The ability to control output (“dispatchability” or “firm-up”) is desirable because energy
users — not the utility — control the load on the grid. However, the power injected into the
grid by generation systems must always be equal to the power withdrawn from the grid or
the grid frequency and voltage will begin to vary. Since grid frequency and voltage must
remain constant, the utility must control the generation system to maintain the
generation-load balance.

Control can be added to wind farm power by adding energy storage. In this way, excess
energy can be stored and released when needed. Two major questions about such a
system are how much energy storage is needed and what type of systems should be
employed. A wind farm might be able to create hydrogen through water electrolysis,



store that hydrogen, and then run it through fuel cells or combustion devices to recover
the stored energy. Batteries have also been proposed to store energy. Each technique has
advantages and disadvantages that will be examined in this report.

Some researchers have proposed that wind farm energy be used to generate hydrogen for
sale into a fuels market. This is very similar to the type of storage mentioned earlier
except that the energy will be recovered remotely and not be regenerated onto the grid.
Instead, a vehicle will use it at a remote location. This is attractive because that fuel
would be supplied by a renewable source, non polluting, domestically generated, and cost
competitive not with low-cost grid energy, but with much more expensive transportation
fuels. For example, if gasoline is $1.00/gal (before taxes) and the engine in an
automobile is 15% efficient', the cost of energy at the wheel of the car is $0.20/kWh.
Grid energy in the United States is usually $0.02 — $0.04/kWh. If the wind farm,
electrolyzer, fuel transportation, and energy regeneration systems are efficient, wind farm
generated hydrogen may be able to compete successfully with current transportation
fuels. Since current vehicles are so inefficient (15%), substantial improvements are
possible. Hybrid vehicle technology, better engines and hydrogen as a fuel in
combination might double or even triple this efficiency™. For example, if wind farm —
generated hydrogen were $2.00/kg (1 kg of hydrogen contains roughly the same amount
of energy as 1 gallon of gasoline) and vehicle efficiency improved to 30%, the cost of
energy at the wheel of the car would be $0.20/kWh — comparable to $1.00/gal gasoline.

Simulation Approach

Under the wind farm monitoring program at NREL, data were collected on the output of
the Lake Benton wind farm in Minnesota. These data are collected at a very high rate but
were reduced to an hourly rate for this study. In addition, information about the
electricity demand in California was gathered from the California ISO OASIS Web site.
These data represent hourly average load demand in the California ISO control area. The
basic simulation approach was to add elements such as traditional generation, batteries,
hydrogen systems, and dispatchable load (desalination, water heating etc.) to the wind
farm data so the aggregate power from all elements is equal to the load at each hourly
time step. All these elements (except dispatchable load) would be located at the wind
farm. The utility can control dispatchable load, which makes it distinct from normal grid
loads. However, it is not considered as energy storage in the model and was not
simulated in any cases presented here.

To put a value to the term “dispatchability,” it was necessary to define a control
objective. The control objective used for these simulations was called “capacity
reduction”. In a traditional grid, the maximum output power of the entire generation
system is usually set based on the hour of the year during which the maximum load will
be drawn. In California, this hour is usually in the summer during which air-conditioning
loads are high. Ignoring reserves, the total generation capacity must be equal to the
maximum load. In the model the control objective was to reduce the required traditional
generation capacity by a percentage of the wind farm rated power. For example, if the
capacity reduction factor was set to 60% and the wind farm total installed capacity is



100 MW, then the traditional generation capacity in the simulation was set to the
maximum load minus 60 MW. In this way, the wind farm contributes some of its
nameplate capacity to firm summer generation capacity by using energy storage elements
to ensure that power will be available when the load is high even if the wind isn’t
blowing.

A wind farm with no energy storage might be able to contribute to firm generation
capacity. The approach is to compute the statistical probability that the load can be met
with no wind farm (baseline case), with a wind farm, and with additional traditional
generation capacity but no wind farm. By adjusting the amount of traditional generation
added to the baseline system until the probability in this case is equal to the probability in
the case of adding only a wind farm, an equivalent firm capacity is determined.
However, determining the equivalent forced outage rate for a wind farm is difficult
because it is subject to local meteorology. This leads to difficulty in determining the
percentage of the wind farm capacity that should be considered firm (a capacity credit).
Even so, this percentage is usually fairly small.

Very simple control systems were developed to maintain generation and load balance at
each time step. These control systems basically seek to hold the energy stored in the
battery to a constant value by controlling the power of the other controllable elements
such as traditional generation, an electrolyzer or some form of dispatchable load. Battery
power is then defined as that which is needed to balance all elements with the load. To
facilitate easier integration of the control systems, the target value for the battery energy
stored was zero; positive numbers represented energy stored in the battery. Negative
numbers are allowed because the battery size is not known before the simulation is
executed. At the conclusion of the simulation, the minimum value of energy stored in the
battery during the year is subtracted from the maximum value. The result is the size of
the battery that was required to successfully achieve a proper load balance at each time
step.

At the conclusion of the simulation, costs are computed based on the sizes of the
elements and their assumed costs. For example, after battery size is computed in
kilowatt-hours of energy stored, it is multiplied by the assumed cost per kilowatt-hour of
battery energy storage for a final battery cost. After all costs are computed, two cost-of-
energy (COE) numbers are determined — one for the wind farm with no additional
elements, the other for the complete system, including a wind farm of the same size and
the energy storage elements. The formula used is:

FCR *ICC + LRC N
AEP

COE = O0&M

where FCR is fixed charge rate, ICC is initial capital cost, annual LRC is levelized
replacement cost, AEP is annual energy production, and O&M is operations and
maintenance cost in $/kWh. Comparing the wind farm only COE to the total COE gives
the cost of adding the energy-storage elements and therefore the cost of achieving the
control objective.



Computing the cost of hydrogen production for sale into a fuels market is a bit more
complex. Since the wind farm is now selling both electricity and hydrogen, a “with
hydrogen” production case and a “without hydrogen, with battery” production case must
be compared. All marginal costs are then applied to the Hydrogen production:

Marginal cost

Cost(H,) = -
Hydrogen production

To compute the costs of all the elements, all their sizes must be known. As stated above,
the simulation computes the battery size. However all other elements (wind farm,
capacity reduction, electrolyzer size, traditional generation capacity, etc.) are fixed at the
beginning of the simulation. To examine the effect of these parameters on costs, the sizes
of these elements were swept over a reasonable range of values and a simulation was run
for each case.

Battery Discussion

Batteries are usually designed for limited use in portable applications. As such, most
popular designs are too small and too short lived to be used as grid firm-up devices. For
a battery to be successful as an energy storage element in a wind farm, it must be able to
store sufficient energy, accept and release energy at a sufficient rate (power), and be low
in initial cost and O&M costs. Since even one cycle per day for 20 years amounts to
more than 7,300 cycles, long cycle lifetimes are also required. Several battery
technologies have the potential to meet these requirements but here we will focus on two:
nickel-hydrogen and vanadium-redox.

Vanadium-redox batteries can be built to have sufficient energy and power, and cycle
lifetimes have been reported above 10,000 cycles'. The cost of these batteries is
reportedly about $280 per kWh of storage”.

Nickel-hydrogen batteries work similarly to the popular nickel-metal-hydride batteries
except that the hydrogen, instead of being stored in an electrode, is stored externally to
the electrochemical portion of the battery. These batteries have been used for many years
in space applications where cycle lifetime is crucial. For this application, the hydrogen
the battery produces and consumes is assumed to be stored at low pressure in the wind-
turbine tower, which is a potentially very low cost approach (capital cost of $88/kg)’.
Projected costs for these batteries are $70 — $280/kWh.

One problem with integrating batteries with wind-turbines is that batteries are inherently
DC devices with no means of control. As such, a power converter is required between
the battery and the AC utility grid. Power converters are somewhat expensive, so finding
a way to avoid having to pay for such a device is desirable. Since many modern wind-
turbines are variable speed, they already contain a power converter. If that power
converter has one or more DC links, the batteries might be connectable to a DC link,



which would avoid the need for a separate power converter. Figure 1 shows how to
connect multiple devices to such a power converter.

Interface Interface

| |
Il Generator DC Bus Grid |
| |
| |

Multi-Pole
Switch or
Switches

|

Fuel Cell or Battery

Combustion
Device

Electrolyzer

Figure 1 - Electrical connections to connect multiple devices to a wind-turbine power converter

Simulation Results — Wind Firm-Up
Table 1 lists assumed costs for this part of the study, including the ranges over which

parameters were swept. Some parameters were not swept, either because they have little
effect on overall costs or because no suitable range data were available.

Table 1 - Assumed Costs for Wind Firm-Up

Wind farm cost

$500 — $1,000/kW

Battery costs $70 — $280/kWh
Hydrogen storage costs $88/kg’
O&M cost $0.008/kWh
LRC cost $15/kW/year
FCR 10.60%

Production Tax Credit (PTC)

$0.02 over wind farm lifetime




An example of the simulation results is in Figure 2. The marginal cost of adding
substantial firm-up (50% capacity reduction) is only $0.005 — $0.020/kWh over the wind-
only COE of $0.024/kWh for a wind farm cost of $1,000/kW.

$0.050 :
$0.045 |
$0.040 1 wind-farm
S0.035 1 o, G0k
$0.030 +---- P k 77777777 .
w ‘
O $0.025 - 1
o |
$0.020 - i
$0.015 |
Wind-farm
$0.010 - COS’[E
$0.005 | $500/kW
$0.000 |
Battery cost ($/kWh)

Figure 2 — COE versus battery cost for 50% capacity reduction at various wind farm costs

An optimizer (Excel Solver) was used to optimize the sizes of the various components
and the control parameters of the control systems. The sizes of the electrolyzer and fuel
cell were both optimized to zero in favor of the battery. Even though the cost of storing
hydrogen is very low ($88/kg is less than $3.00/kWh) the seemingly much more
expensive battery ($70 — $280/kWh) is still favored when optimizing COE. The reason
for this may have been the cost of the electrolyzer and fuel cell devices. To examine this
hypothesis, another simulation was run, this time with the cost of the electrolyzer and fuel
cell both set to zero. Even with these costs eliminated, the optimizer favored the battery
as a solution for energy storage because of the difference in energy storage efficiencies
between the two types of systems. With the battery charge and discharge efficiencies set
to 95% and 90%, respectively, the closed-cycle efficiency of the battery system is 85.5%.
With the electrolyzer and fuel cell efficiencies set to 75% and 50% (probably optimistic
values), the closed cycle efficiency of the hydrogen system is only 37.5%. Therefore, the
energy losses in the hydrogen system are too expensive for such a system to be viable
against the much more efficient battery system.

Figure 3 shows how the COE varies as the amount of traditional generation capacity
reduction is varied. Each point represents the lowest COE value found by the optimizer.



As the capacity reduction is increased, increasing demands are placed on the wind farm
to meet peak loads. As a result, COE is increased. Also shown is how these costs vary as
the energy penetration (energy produced by the wind farm divided by total energy
consumed on the grid) is varied. As more wind is brought online, higher demands are
placed on the storage systems because the wind’s variability becomes a larger fraction of
the total grid power. Consequently, costs increase. The baseline costs for all of the cases
shown is $0.0237/kWh for a wind only (no storage) system. You may note that the
curves in Figure 3 asymptote to a value of $0.0266/kWh, not $0.0237/kWh. The cause of
this discrepancy is a conservative assumption made in the cost analysis. Since the
simulation utilizes one hour time steps, setting capacity reduction to 0% will yield a
roughly one hour battery even though, in reality, no demands are being placed on the
battery. This is because the battery is always used to make up the difference between the
other sources and the load. Since the control systems for all the other sources are causal,
they can make bad decisions that will be corrected in the next time step, but in the mean
time the battery has to compensate. This leads to batteries that are always about one hour
too large and therefore a total COE that is about $0.0029 too much. If you would like to
eliminate this conservative assumption, subtract this amount from the costs in Figure 3
and in Table Al.

$0.040

Energy
$0.038 - Penetration /-
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$0.024 ‘ ‘ ‘ ‘ ‘ £
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Figure 3 — COE versus capacity reduction at various wind energy penetration levels



Simulation Results — Hydrogen Production

For the wind farm to produce net hydrogen for sale, an electrolyzer must be added.
Because the optimizer would like to set the size of the electrolyzer to zero, its size had to
be fixed so that hydrogen would be produced. However, with the fuel cell size still at
zero, all of this hydrogen was exported instead of regenerated into electricity.
Nevertheless, with the electrolyzer installed, the control system was able to use it to
slightly reduce the size of the battery necessary for wind firm-up by preventing the
battery from being over charged during periods of excess energy. It would be used when
excess wind was available and the battery was storing high levels of energy. This battery
size reduction helped to reduce the cost of the hydrogen produced because the cost of the
hydrogen was the marginal cost of the system compared to the wind-battery only system.

Analyzing the cost of hydrogen is complicated because the cost of the electricity
absorbed by the electrolyzer must be determined. One is tempted to use the COE from
the wind-battery only system as this cost. However, the wind farm operator can no
longer sell the electricity that the electrolyzer consumes. This electricity had to be sold at
a profit or the operator couldn’t stay in business. Therefore the hydrogen production
analysis was repeated for three cases: no markup, 10% markup, and 20% markup. Cost
assumptions for the hydrogen production case are in Table 2.

Table 2 - Assumed Costs for Wind Hydrogen Production

Wind farm cost $1,000/kW
Battery costs $70/kWh
Electrolyzer costs $200 — $1,000/kW
Hydrogen storage costs $88/kg’
O&M cost for wind $0.008/kWh
O&M cost for Hydrogen $0.05/kg
LRC cost for wind $15/kW
FCR 10.60%
PTC $0.00 — $0.02 over wind farm lifetime




Figure 4 shows how the cost of hydrogen varies with electrolyzer size and value of
electricity markup. For this case, the electrolyzer cost was set at $600/kW and the PTC
was set to $0.020. The curves are not perfectly smooth because the particular load
conditions that govern the size of the components might change as electrolyzer size
changes. In other words, a particular day might govern the maximum battery energy
stored for one electrolyzer size but with a slightly larger electrolyzer different control
parameters may be used that cause another day to govern the battery size. The reason the
hydrogen cost increases for increasing electrolyzer size is that a larger electrolyzer
doesn’t have to work as hard to help the battery. This leads to lower capacity factors for
the larger electrolyzers and hence higher hydrogen cost.
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Figure 4 - Cost of hydrogen versus electrolyzer size for various values of electricity markup

A full-sized electrolyzer can be used to convert all the wind-generated electricity to
hydrogen. However, this approach reduces the electrolyzer capacity factor to that of the
wind farm, which is substantially lower than if a wind-battery-electrolyzer system were
used to generate both electricity and hydrogen. This leads to an increase in the cost of
hydrogen.




Figure 5 shows how the cost of hydrogen varies with the electrolyzer cost and the value
of the PTC. For this case, the electrolyzer capacity was set to 5% of the wind farm
capacity and the markup was set at 10%.
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Figure 5 - Cost of hydrogen versus electrolyzer cost for various values of the PTC
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Figure 6 shows how hydrogen production varies with electrolyzer size for a 100 MW
wind farm. The slight waviness in this figure is caused by differences in the optimized
parameters for each simulation. This is the same as the cause for the waviness in Figure
4. For complete results of the hydrogen production study see the appendix.
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Figure 6 - Hydrogen production versus electrolyzer size for a 100 MW wind farm
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Transportation

Transportation cost from the wind farm to the point-of-use is an important topic, but is
outside the scope of this study. Figure 7 shows the results from another model developed
at NREL®. This chart clearly shows that production volume is the key to reducing the
cost of hydrogen transportation over intermediate distances.

If costs from Figure 4 and Figure 5 are combined with the transportation costs from
Figure 7, technology scenarios can be found under which hydrogen production from wind
can be at or near the previously mentioned $2.00/kg without taxes.

$1.00

Transportation Cost ($/kg)
&
o
(@)]
o

0 2,000 4,000 6,000 8,000 10,000
Hydrogen production (kg/hour)

Figure 7 - Hydrogen transportation costs

Conclusion

This study has shown that, given the assumptions about battery technology (cost,
efficiency, and availability), wind power can be firmed up economically. Using batteries
for this purpose is better than using hydrogen systems because batteries are much more
efficient. If producing hydrogen for fuel is desirable, producing electricity and hydrogen
simultaneously is better, because this method reduces the size of the battery and increases
the electrolyzer capacity factor, which in turn reduces both the cost of electricity and the
cost of hydrogen. Finally, hydrogen as a vehicle fuel can be cost-effectively produced
from wind.
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Appendix

Table A1 — COE for wind farm firm-up — costs from Table 1

Wind farm cost
Battery cost $500] $600{ $700| $800| $900[$1,000
$70 0.01410.017{0.02110.02410.027] 0.030
$100 0.01610.020(0.02310.02610.029| 0.033
$130 0.01910.022[0.02510.02810.032| 0.035
$160 0.02110.024[0.02710.03110.034| 0.037
$190 0.02310.026(0.030]0.03310.036| 0.039
$220 0.02510.029(0.03210.035]0.038| 0.042
$250 0.028/0.031/0.034/0.03710.041| 0.044
$280 0.030/0.033]0.036|0.040]0.043| 0.046

Wind farm cost
FCR $500] $600{ $700| $800| $900($1,000
8% 0.005/0.007/0.010/0.012/0.014| 0.017
9% 0.006/0.009|0.012|0.014]0.017] 0.020
10% 0.008/0.011/0.014/0.017/0.020| 0.023
11% 0.0090.013]0.016/0.019]0.023| 0.026
12% 0.011/0.014/0.018]0.02210.025]| 0.029
13% 0.012/0.016/0.020/0.024/0.028| 0.032
14% 0.014/0.018/0.022/0.027/0.031| 0.035
15% 0.01510.02010.02410.02910.034| 0.038

Capacity reduction
Energy penetration 10%]| 20%| 30%| 40%| 50%| 60%
2% 0.02710.027{0.02710.027]0.027| 0.027
4% 0.02710.027{0.02710.027]0.027| 0.028
6% 0.02710.027{0.02710.02710.028| 0.029
8% 0.02710.027{0.02710.02810.029| 0.030
10% 0.02710.027[0.02710.02810.030| 0.032
12% 0.02710.027(0.02710.02910.031| 0.033
14% 0.02710.027{0.02810.02910.032| 0.034
16% 0.02710.027{0.02810.03010.033| 0.036
18% 0.02710.027[0.02810.03110.034| 0.038
20% 0.02710.027[0.02910.03210.035] 0.038
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Table A2 — Hydrogen costs ($/kg) for PTC=$0.020

Markup = 0%|Electrolyzer size

Electrolyzer cost 5%| 10%| 15%| 20%| 25%| 30%

$200 1.400| 1.412| 1.438| 1.465| 1.475| 1.486

$300 1.497| 1.530| 1.560| 1.599| 1.610| 1.623

$400 1.595| 1.649| 1.683| 1.734| 1.744| 1.760

$500 1.692| 1.767| 1.805| 1.868| 1.879| 1.898

$600 1.789| 1.885| 1.927| 2.003| 2.014| 2.035

$700 1.886| 2.004| 2.049| 2.137| 2.148| 2.172

$800 1.983| 2.122| 2.172| 2.272| 2.283| 2.309

$900 2.080| 2.240| 2.294| 2.406| 2.418| 2.446

$1,000 2177| 2.358| 2.416| 2.541| 2.552| 2.583
Markup = 10%|Electrolyzer size

Electrolyzer cost 5%| 10%| 15%| 20%| 25%| 30%

$200 1.518| 1.526| 1.553| 1.579| 1.589| 1.600

$300 1.615| 1.644| 1.675| 1.713]|1.723| 1.737

$400 1.712| 1.762| 1.797| 1.848| 1.858| 1.874

$500 1.809| 1.881| 1.919| 1.982| 1.993| 2.011

$600 1.906| 1.999| 2.041| 2.117| 2.128| 2.149

$700 2.003| 2.117| 2.164| 2.251| 2.262| 2.286

$800 2.100| 2.236| 2.286| 2.386| 2.397| 2.423

$900 2.198| 2.354| 2.408| 2.520| 2.532| 2.560

$1,000 2.295| 2.472| 2.530| 2.655| 2.666| 2.697
Markup = 20%|Electrolyzer size

Electrolyzer cost 5%| 10%| 15%| 20%| 25%| 30%

$200 1.635| 1.640| 1.667| 1.692| 1.703| 1.714

$300 1.732| 1.758| 1.789| 1.827| 1.837| 1.851

$400 1.829| 1.876] 1.911| 1.961| 1.972| 1.988

$500 1.927| 1.995| 2.034| 2.096| 2.107| 2.125

$600 2.024| 2.113| 2.156| 2.230| 2.241| 2.262

$700 2121| 2.231| 2.278| 2.365| 2.376| 2.400

$800 2.218| 2.350| 2.400| 2.499| 2.511| 2.537

$900 2.315| 2.468| 2.523| 2.634| 2.646| 2.674

$1,000 2.412| 2.586| 2.645| 2.768| 2.780| 2.811
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Table A3 — Hydrogen costs ($/kg) for PTC=$0.015

Markup = 0%

Electrolyzer size

Electrolyzer cost

5%

10%

15%

20%

25%

30%

$200 1.622] 1.634| 1.660] 1.687[1.697| 1.708

$300 1.720] 1.752| 1.782| 1.821|1.832| 1.845

$400 1.817] 1.871] 1.905] 1.956/1.966| 1.982

$500 1.914]| 1.989| 2.027| 2.090{2.101| 2.120

$600 2.011] 2.107] 2.149| 2.225[2.236] 2.257

$700 2.108] 2.226| 2.271] 2.359[2.370| 2.394

$800 2.205| 2.344| 2.394| 2.494]2.505| 2.531

$900 2.302| 2.462| 2.516] 2.628(2.640| 2.668

$1,000 2.399] 2.580| 2.638| 2.76312.774| 2.805

Markup = 10% | Electrolyzer size

Electrolyzer cost 5%| 10%| 15%| 20%| 25%| 30%
$200 1.763] 1.771] 1.798| 1.823|1.834| 1.845

$300 1.860] 1.889] 1.920] 1.958|1.968| 1.982

$400 1.958] 2.007[ 2.042| 2.092|2.103| 2.119

$500 2.055] 2.126] 2.164| 2.227|2.238| 2.256

$600 2.152| 2.244| 2.286| 2.361/2.372| 2.393

$700 2.249| 2.362| 2.409] 2.496/2.507| 2.530

$800 2.346| 2.481| 2.531] 2.630(2.642| 2.667

$900 2.443| 2.599] 2.653] 2.765(2.776] 2.805

$1,000 2.540( 2.717| 2.775] 2.899(2.911] 2.942

Markup = 20%|Electrolyzer size

Electrolyzer cost 5%| 10%| 15%| 20%| 25%| 30%
$200 1.904| 1.908| 1.935| 1.960[1.970| 1.982

$300 2.001] 2.026| 2.057| 2.095[2.105| 2.119

$400 2.099| 2.144| 2.179| 2.229|2.240| 2.256

$500 2.196| 2.262| 2.302| 2.363[2.374| 2.393

$600 2.293| 2.381| 2.424| 2.498/2.509| 2.530

$700 2.390] 2.499| 2.546| 2.632(2.644| 2.667

$800 2.487| 2.617| 2.668| 2.767[2.778| 2.804

$900 2.584| 2.736| 2.791] 2.901{2.913| 2.941

$1,000 2.681] 2.854| 2.913] 3.036(3.048| 3.078
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Table A4 — Hydrogen costs ($/kg) for PTC=$0.010

Markup = 0%

Electrolyzer size

Electrolyzer cost

5%

10%

15%

20%

25%

30%

$200 1.844| 1.856| 1.882| 1.909/1.919| 1.930
$300 1.942| 1.974| 2.004| 2.043[2.054| 2.067
$400 2.039| 2.093] 2.127| 2.178[2.188| 2.205
$500 2.136| 2.211] 2.249| 2.312(2.323] 2.342
$600 2.233| 2.329| 2.371| 2.447(2.458| 2.479
$700 2.330| 2.448| 2.493] 2.581[2.592| 2.616
$800 2.427| 2.566| 2.616| 2.716(2.727| 2.753
$900 2.524| 2.684| 2.738| 2.850[2.862| 2.890
$1,000 2.621] 2.803| 2.860] 2.985[2.997| 3.027

Markup = 10% | Electrolyzer size

Electrolyzer cost 5%| 10%| 15%| 20%| 25%| 30%
$200 2.009| 2.016] 2.042] 2.068/2.078| 2.090
$300 2.106| 2.134| 2.165] 2.203[2.213] 2.227
$400 2.203| 2.252| 2.287] 2.337|2.348| 2.364
$500 2.300] 2.371] 2.409| 2.472[2.483] 2.501
$600 2.397| 2.489| 2.531] 2.606(2.617| 2.638
$700 2.495| 2.607| 2.654| 2.741(2.752| 2.775
$800 2.592| 2.726| 2.776| 2.875[2.887| 2.912
$900 2.689| 2.844| 2.898| 3.010[3.021] 3.049
$1,000 2.786| 2.962| 3.020] 3.144|3.156| 3.186

Markup = 20%|Electrolyzer size

Electrolyzer cost 5%| 10%| 15%| 20%| 25%| 30%
$200 2.173] 2.175| 2.203] 2.228]2.238| 2.249
$300 2.271] 2.294| 2.325] 2.36212.373| 2.386
$400 2.368| 2.412| 2.447| 2.49712.507| 2.523
$500 2.465| 2.530] 2.569| 2.631[2.642| 2.660
$600 2.562| 2.649| 2.692| 2.766(2.777| 2.798
$700 2.659| 2.767| 2.814| 2.900[2.911| 2.935
$800 2.756| 2.885| 2.936] 3.035[3.046| 3.072
$900 2.853| 3.003] 3.058] 3.169(3.181] 3.209
$1,000 2.950] 3.122| 3.181] 3.304[3.315| 3.346
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Table AS — Hydrogen costs ($/kg) for PTC=$0.005

Markup = 0%

Electrolyzer size

Electrolyzer cost

5%

10%

15%

20%

25%

30%

$200 2.066| 2.078| 2.104| 2.131(2.141] 2.152
$300 2.164| 2.197| 2.227| 2.266(2.276| 2.290
$400 2.261| 2.315] 2.349] 2.400(2.410] 2.427
$500 2.358| 2.433| 2.471] 2.534[2.545| 2.564
$600 2.455| 2.551| 2.593| 2.669[2.680| 2.701
$700 2.552| 2.670] 2.715] 2.803[2.815| 2.838
$800 2.649| 2.788| 2.838| 2.938[2.949| 2.975
$900 2.746| 2.906| 2.960] 3.072(3.084| 3.112
$1,000 2.843] 3.025| 3.082| 3.207({3.219| 3.249

Markup = 10% | Electrolyzer size

Electrolyzer cost 5%| 10%| 15%| 20%| 25%| 30%
$200 2.255] 2.261] 2.287| 2.313]2.323] 2.335
$300 2.352| 2.379| 2.410] 2.448(2.458| 2.472
$400 2.449| 2.497| 2.532| 2.582[2.593] 2.609
$500 2.546| 2.616] 2.654| 2.717|2.727| 2.746
$600 2.643| 2.734| 2.776] 2.851/2.862| 2.883
$700 2.740{ 2.852] 2.899] 2.986/2.997| 3.020
$800 2.837| 2,970 3.021] 3.120(3.131] 3.157
$900 2.934| 3.089] 3.143] 3.255|3.266| 3.294
$1,000 3.032] 3.207] 3.265| 3.389|3.401| 3.431

Markup = 20%|Electrolyzer size

Electrolyzer cost 5%| 10%| 15%| 20%| 25%| 30%
$200 2.443| 2.443| 2.471] 2.495(2.505] 2.517
$300 2.540| 2.561| 2.593] 2.630[2.640| 2.654
$400 2.637| 2.680] 2.715] 2.764[2.775| 2.791
$500 2.734| 2.798| 2.837| 2.899[2.910| 2.928
$600 2.831] 2.916] 2.960| 3.033[3.044| 3.065
$700 2.928| 3.035| 3.082| 3.168[3.179| 3.202
$800 3.025| 3.153| 3.204| 3.302(3.314| 3.339
$900 3.122| 3.271| 3.326| 3.437|3.448| 3.476
$1,000 3.220] 3.390] 3.449| 3.57113.583| 3.613
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Table A6 — Hydrogen costs ($/kg) for PTC=$0.000

Markup = 0%

Electrolyzer size

Electrolyzer cost

5%

10%

15%

20%

25%

30%

$200 2.289| 2.300] 2.326| 2.353[2.363| 2.374
$300 2.386| 2.419| 2.449| 2.488(2.498| 2.512
$400 2.483| 2.537| 2.571] 2.622]2.632| 2.649
$500 2.580] 2.655| 2.693] 2.757[2.767| 2.786
$600 2.677| 2.773| 2.815] 2.891[2.902| 2.923
$700 2.774| 2.892| 2.938] 3.026[3.037| 3.060
$800 2.871| 3.010] 3.060] 3.160{3.171| 3.197
$900 2.968| 3.128| 3.182| 3.294/3.306| 3.334
$1,000 3.065] 3.247| 3.304| 3.429(3.441| 3.471

Markup = 10% | Electrolyzer size

Electrolyzer cost 5%| 10%| 15%| 20%| 25%| 30%
$200 2.500] 2.506| 2.532| 2.558[2.568] 2.579
$300 2.597| 2.624| 2.655] 2.692|2.703| 2.716
$400 2.694| 2.742| 2.777] 2.827|2.837| 2.854
$500 2.792| 2.860| 2.899| 2.961[2.972| 2.991
$600 2.889| 2.979| 3.021] 3.096(3.107| 3.128
$700 2.986( 3.097| 3.144| 3.230[3.242| 3.265
$800 3.083] 3.215] 3.266| 3.365|3.376| 3.402
$900 3.180] 3.334| 3.388| 3.499|3.511| 3.539
$1,000 3.277] 3.452| 3.510] 3.634|3.646| 3.676

Markup = 20%|Electrolyzer size

Electrolyzer cost 5%| 10%| 15%| 20%| 25%| 30%
$200 2.712] 2.711] 2.739] 2.763[2.773| 2.784
$300 2.809| 2.829| 2.861| 2.897(2.908| 2.921
$400 2.906| 2.948| 2.983| 3.032(3.042| 3.058
$500 3.003] 3.066| 3.105] 3.166]3.177| 3.196
$600 3.100] 3.184| 3.227| 3.301/3.312| 3.333
$700 3.197] 3.302| 3.350] 3.435/3.446| 3.470
$800 3.294| 3.421| 3.472| 3.570[3.581| 3.607
$900 3.392| 3.539| 3.594| 3.704|3.716| 3.744
$1,000 3.489] 3.657| 3.716] 3.839/3.851] 3.881
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